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Abstract 
It is well known that impacts of weather, spatial and temporal factors significantly influence traffic 
operation. The purpose of this research is developing a traffic model which contains effects of related 
factors and finding out the effects of factors on speed-flow relationship. Data processing and factor 
selection are crucial preliminary work for this modeling. The methodology and process of model 
development is shown step by step in the following paragraphs. The impacts of factors can be seen 
directly from conducted traffic models, which could support traffic management and decision-making. 
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1. Introduction
Nowadays inclement weather became a major cause of severe car wrecks on highways in China. How
weather and other related factors influence traffic operation is the topic of this paper. One purpose of our 
research is constructing a traffic model including impacts of different kinds of factors. The other purpose 
is to find out the effects of factors on speed-flow relationship and capacity of highway. Research about 
impacts of weather and other events on freeways have been done a lot in previous time. Ibrahim and Hall 
[1] concluded the impacts of weather conditions on flow-occupancy and speed-flow relationship. Brilon 
and Ponzlet [2] proved darkness, wet roadway and leisure time can cause lower average speed. Agarwal 
et al. [3] found that presence of rain and snow can lead to obvious reduction in freeway capacities and 
speeds. In this paper, factors having significant effects on traffic operation were chosen for modeling, and 
an estimated speed model derived from analysis of covariance and regression approach can represent the 
impacts of related factors on daily transportation.  
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2. Methodology 
Methodology basing on the analysis of covariance (ANCOVA), the idea of which is to improve the 
analysis of variance model containing the factor effects with one or more additional quantitative variables 
related to the response variable [4], was used in this paper. A regression model for operation speed as the 
response variable was developed to show the impacts of all the considered factors.  
2.1. Data 
The data for modeling was collected from south segment of Hexu freeway in Anhui province of China. 
z Traffic data 
Three couples of vehicle detectors were chosen from three locations along Hexu freeway, in which 
every couple is two detectors of one location in two directions. The vehicle detector recorded traffic data 
including speed, occupancy and volume at one minute interval. Average data of 15 minutes interval is a 
better replacer to weaken the noise from data at one minute interval. Referring to the study of Texas 
Transportation Institute weighted average speed has an advantage over the arithmetic mean at 15 minute 
interval [5].  
z Weather data 
The data of visibility was collected by the nearest visibility meter to the location of vehicle detectors 
have been chosen at two minutes interval. According to the previous research and daily operation, 
visibilities higher than 500 meters have no negative impact on drivers. In this research, only data of 
visibility within 500 meters were retained due to the practical significance. 
Other weather data such as rainfall, weather type, temperature, wind were obtained from weather 
bureau. The weather data from the nearest weather station were used to match the traffic data from 
vehicle detector. The weather data were collected at six hour interval, thus a six hour window was applied 
to match the traffic data.   
2.2. Factors 
Many factors affect traffic operation and safety of travelers on freeways. Referring to the previous 
study and further research, factors can be summarized into three categories, that is, spatial factors, 
temporal factors and weather factors. 
Spatial factors such as geometric alignment, curves, grade, ramps, directions and lanes greatly 
influence normal operation. Due to limitation of collected data, we only took factor of lanes into consider 
for modeling. Temporal factors, take month of year, date of month, day of week, time of day for instance, 
impacts traffic operation significantly. In this paper all temporal factors mentioned above were our main 
considerations. Inclement weather can easily cause crashes and risk travelers’ safety. Visibility, fog and 
rainfall were chosen as weather factors for our modeling.  
3. Model Development & Result Analysis 
The combination of ANCOVA and regression method was used to evaluate the impacts of factors from 
three categories for our modeling. The covariance model with multifactor can be expressed as follows: 
 
       V=f(O)+f(Lane)+f(M)+f(D)+f(W)+f(H)+f(Rain)+f(Fog)+f(Vi)                                                           (1) 
 
Where, 
V is 15 minute interval weighted average speed (Km/H); 
O is 15 minute interval average occupancy (%);  
f(O) is functional relationship of speed and occupancy; 
f(Lane) represents effect of lanes; 
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f(M) represents effect of months; 
f(D) represents effect of dates of month; 
f(W) represents effect of days of week; 
f(H) represents effect of time of day; 
f(Rain) represents effect of rain; 
f(Fog) represents effect of fog and 
f(Vi) represents effect of visibility. 
The speed-occupancy relationship and functional relationship between each factor and response 
variable, that is weighted average speed, can be estimated by the method of curve estimation using data 
set. Only factors having statistically significant impacts upon the speed estimation model were reserved 
for the regression in the next step. The result of curve estimation is shown in the table below: 
 
Table 1 Result of Curve Estimation 
 
Functions Result of Curve Estimation 
f(O) Linear Relationship 
f(Lane) Statistically Significant 
f(M) Not Statistically Significant 
f(D) Not Statistically Significant 
f(W) Not Statistically Significant 
f(H) Quadratic Relationship 
f(Rain) Statistically Significant 
f(Fog) Statistically Significant 
f(Vi) Linear Relationship 
 
As a result, the regression model basing on covariance model above can be written as: 
 
      ൌ  ൅  ൅ ʹ ൅  ൅  ൅  ൅  ൅                                                                        (2) 
 
Where,  
V is 15 minute interval weighted average speed (Km/H); 
O is 15 minute interval average occupancy (%); 
  is 1 for inside lane, -1 for outer lane; 
H is time of day in hours ranging from 1 to 24; 
Rain represents rainfall (mm); 
  is 1 if fog exists, -1 if not; 
Vi represents visibility (m); 
a, b, c, d, e, f, g, h are coefficients and constant of model.  
Linear regression was applied on Equation (2), the estimated coefficients and test results are listed in 
Table 2. 
 
Table 2 Results of Linear Regression 
 
Coefficient Estimate t-test Adjusted ʹ F-test t Sig. F Sig. 
a -1.941 -5.759 .000 
.608 251.117 .000 
b 8.157 21.755 .000 
c -.232 -20.883 .000 
d 5.559 18.244 .000 
e -1.390 -4.604 .000 
f -1.352 -3.561 .000 
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g .02 4.18 .067 
h 53.674 25.236 .000 
 
The above model development built an estimated speed model with effects from all kinds of factors, 
which is written in Equation (3): 
 
 ൌ െͳǤͻͶͳ ൅ ͺǤͳͷ͹ െ ͲǤʹ͵ʹʹ ൅ ͷǤͷͷͻ െ ͳǤ͵ͻെ ͳǤ͵ͷʹ ൅ ͲǤͲʹ ൅ ͷ͵Ǥ͸͹Ͷ             (3) 
 
Result of t-test and F-test demonstrates the regression model represents the relationship between 
dependent and independents well. The value of adjusted ʹ is acceptable. The above tests prove that this 
estimated speed model mainly represents the characteristics of traffic operation with factor effects.  
The decrease or increase to the estimated speed accords with practical traffic operation. Among all 
these factors, impacts of lanes and time of day are relatively significant. It is clear that inclement weather 
causes negative influence upon travelling speed. In other words, worse weather condition leads to more 
decrease of estimated speed.   
4. Speed-flow Relationship with Impacts of Factors 
An estimated speed model with effects of related factors has been constructed. According to previous 
study factors such as weather can influence speed-flow relationship as well. In this paragraph speed-flow 
relationships under different conditions were conducted from our previous research. The methodology 
used in this part referred to “Managing Freeway Operations During Weather Events” by Texas 
Transportation Institute. 
The relationships between traffic parameters in this part all based on Greenshield’s model, which is one 
of the most admitted traffic model in traffic research. The relationship between occupancy and density is 
linear, and can be written as equation below: 
 
                      ൌ ͳ͸Ǥͳ൅                                                                                                                              (4) 
where, 
k represents density (veh/Km), 
O represents occupancy (%), 
  represents average length of vehicles (m); 
  represents length of detector (m). 
Vehicles have been divided into three categories by length for highways, that is, small vehicles (6 m), 
mid-size vehicles (12 m) and heavy trucks (16 m). After analysis on collected traffic data of Hexu 
freeway, the proportion of each category is approximately 60%, 25% and 15%. Therefore the weighted 
average length of vehicles is 9 meters. The length of detector is about 5 meters in our studying highway. 
Consequently the relationship of density-occupancy becomes: 
 
      ൌ ͳ͸Ǥͳͻ൅ͷ  ൌ ͳǤͳͷ                                                                                                                                  (5) 
 
According to Greenshield’s model, speed-flow relationship can be written as: 
 
     V ൌ Vf
2
ˇඨVf
2
4
െ Vf
kj
q                                                                                                                                (6) 
 
Where, 
V represents mean speed (Km/H); 
  represents free-flow speed (Km/H); 
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  represents jammed density (veh/Km); 
q represents traffic flow (veh/H). 
It can be found that 
ൌ ͳǤͳͷ ൌ
െ
ͳǤͳͷ. Where a is coefficient of occupancy in equation (2), and from 
equation (3) we can find the value of a is -1.941. Therefore equation (6) can be expressed as: 
 
               V ൌ Vf
2
ˇටVf
2
4
െ ͳǤͻͶͳͳǤͳͷ q                                                                                                                  (7) 
 
For different conditions   can be derived from equation (3), for example, choose the condition of 
inside lane, 10 am, no presence of rain and fog with good visibility of 500 meters, the speed-occupancy 
relationship and speed-density relationship should be: 
 
    ൌ െͳǤͻͶͳ ൅ ͳͲͷǤͷ͹͵ ൌ ͳͲͷǤͷ͹͵ െ ͳǤ͸ͻ                                                                                        (8) 
 
    can be estimated from equation (8) when k equals to 0. Therefore under conditions described above, 
  should be 105.573 Km/H. Accordingly the speed-flow relationship is: 
 
      ൌ ͷʹǤͺ ൅ ඥʹ͹ͺ͸ǤͶ െ ͳǤ͸ͻ                                                                                                                 (9) 
 
Under different situations the estimated free-flow speeds from previous estimated speed model can be 
used to build speed-flow relationships. 
Capacity can be estimated basing on Greenshield’s model as well. The deduction is shown as below: 
 
                     ൌ

Ͷ ൌ
ʹ
ͶሺͳǤ͸ͻሻ                                                                                                                  (10) 
 
Take the above conditions for instance, the derived free-flow speed is 105.573 Km/H, so capacity 
calculated from equation (10) should be 1648 vphpl. 
Figure 1 and Table 4 displays speed-flow relationships and estimated capacities under 5 different 
situations, which have been chosen randomly. It is apparent that inclement weather conditions and 
nighttime driving could greatly reduce operating speed and capacity of highway. This conclusion from 
our research accorded with practical situation. 
 
Table 3 Description of 5 Different Situations 
 
Situation No.1 Inside lane, 10 am, no rain, no fog and visibility of 500 m 
Situation No.2 Inside lane, 8 am, 0.5 mm of rainfall, no fog and visibility of 300 m 
Situation No.3 Outer lane, 4 pm, no rain, presence of fog and visibility of 200 m 
Situation No.4 Outer lane, 8 pm, 0.1 mm of rainfall, presence of fog and visibility of 150 m 
Situation No.5 Outer lane, 10 pm, 0.5 mm of rainfall, presence of fog and visibility of 100 m 
 
Table 4 Free-flow Speeds, Speed-flow Relationships and Estimated Capacities under 5 Situations 
 
Situation No.   (Km/H) Speed-flow Relationship Estimated Capacity (vphpl) 
Situation No.1 105.57  ൌ ͷʹǤͺ ൅ ඥʹ͹ͺ͸ǤͶെ ͳǤ͸ͻ 1648 
Situation No.2 98.11  ൌ ͶͻǤͳ ൅ ඥʹͶͲ͸Ǥͷെ ͳǤ͸ͻ 1423 
Situation No.3 91.67  ൌ ͶͷǤͺ ൅ ඥʹͲͻͻǤͷെ ͳǤ͸ͻ 1243 
Situation No.4 65.41  ൌ ͵ʹǤ͹ ൅ ඥͳͲ͸ͻǤͷെ ͳǤ͸ͻ 632 
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Situation No.5 55.48  ൌ ʹ͹Ǥ͹ ൅ ඥ͹ͻ͸Ǥͷ െ ͳǤ͸ͻ 455 
 
 
 
Figure 1 Speed-flow Relationships under 5 Situations 
5. Conclusion 
The estimated speed model derived from covariance model and regression approach represents the 
impacts of factors, such as environmental and weather factors, on normal traffic operation. Speed-flow 
relationship basing on Greenshield’s model is also affected by related factors. From established models 
we can find out that adverse weather and nighttime driving could reduce the operating speed and capacity 
of highway. The construction of these models also has its operation significance, which can support 
traffic management and decision-making. Appropriate and timely strategies could prompt daily operation 
and reduce the probability of accidents.      
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